Introduction
Scots pine (Pinus sylvestris L.) in Spain reaches the southern limit of its wide natural range (Poyatos et al. 2007) , probably due to the migrational process of the species during the Holocene (Cheddadi et al. 2006) . The current distribution of Scots pine in the Iberian Peninsula is always associated to the existence of high mountain ranges, where climatic conditions are topographically modulated. This fact implies that Scots pine is restricted to a specific altitudinal range in these areas (Alía et al. 2001; Cañellas et al. 2000) . In fact, Scots pine populations in the south-eastern "Sistema Ibérico" range (40º25' N, Teruel province, Spain) are located from 1,500 upwards to 1,900 m above sea level, mainly over calcareo-dolomitic lithologies (Cañellas et al. 2000) . These populations are living under conditions typical for the "arid altitudinal belts" in the mountains of the Mediterranean area (Breckle 2002) , which are characterised by the existence of a long frost period and a summer drought noticeable up to the alpine zones. Furthermore, annual precipitation values range from 450 to 600 mm, with a great inter-annual variability (Querol 1995) .
Under such climatic conditions, which are very different from those existing in the main distribution area of Scots pine (Andersson and Fedorkov 2004) , the growing period is reduced to just a short part of the year due to the combination of summer drought and winter frost. The importance of summer drought in these southern Scots pine populations has led to consider that any increase in aridity in the Mediterranean region may induce the extinction of this species in this area (Poyatos et al. 2008) . In fact, several authors reported high mortality rates associated with recent extreme summer drought episodes in several Scots pine populations in Spain during last decades (Martínez-Vilalta and Piñol 2002) . If severe episodes of summer drought have been revealed to be critical for the survival of these southern Scots pine populations, further studies should be addressed to handle the importance of episodes of winter drought occurring at these altitudinal areas of the Iberian Peninsula.
Winter temperatures can impair the hydraulic functions of the trees because water uptake from soil water reservoirs is very limited when upper soil layers are cool or frozen during winter months or early spring (Mellander et al. 2006) . In fact, transpiration is restricted in Scots pine at soil temperatures below +8°C (Mellander et al. 2004) , probably due to a decrease in root permeability (Cochard et al. 2002; Schwarz et al. 1997) . Moreover, the occurrence of freeze-thaw events can cause additional long-term effects in the hydraulic functions of the tree by the induction of embolism (Mayr et al. 2006) . Freezing of the conducting elements leads to the formation of gas bubbles, which can expand during thawing when the bubble diameter exceeds a critical size and the xylem water potential is low (Pittermann and Sperry 2003) . Although Feild and Brodribb (2001) indicated a high resistance of conifers to freeze-thawinduced embolism, the combined stress of low water potentials and a high number of freeze-thaw events are sufficient to induce embolism (Mayr et al. 2002 (Mayr et al. , 2003b (Mayr et al. , 2007 , even in species with narrow tracheids Sperry 2003, 2006) . Irrespective of these direct and indirect effects of low temperatures on the water balance of the trees, which are common to the high mountains of mid-latitude areas, southern Europe experiences winter episodes of high solar radiation during the positive phase of the North Atlantic Oscillation (NAO; Pozo-Vázquez et al. 2004) . The reduction of cloud cover throughout the winter may have a direct effect on air and needle temperatures, affecting the leaf-to-air vapour pressure gradient and, as a consequence, the water transpired by the plant (Hadley and Smith 1987) . Although it has been commonly assumed that conifer needle temperature seldom, if ever, differs from air temperature (Jarvis et al. 1976 ), Martin et al. (1999) showed that leaf temperature can become substantially higher than air when radiation is high in a conifer species, especially when stomatal conductance is very low, as occurs during winter. This fact, in combination with an impediment of water uptake when upper soil layers are cool or frozen, causes a decrease in water content and potential (Mayr et al. 2002 (Mayr et al. , 2003b .
Winter drought might be the causing factor that could explain the recent episode of massive damage suffered by these southern Scots pine populations, which was detected at the end of the winter of [2001] [2002] . This episode was characterised by needle yellowing followed by severe defoliation and whole branch death, mainly in the S face of the crown in isolated trees of thinned stands. We hypothesise that winter conditions may be as critical for Scots pine survival as summer drought, even for these southern populations. Thus, the ultimate explanation for this phenomenon may be a combination of (1) low soil temperatures limiting water uptake by roots, (2) a higher vulnerability to drought-induced embolism due to the occurrence of repeated freeze-thaw cycles, and (3) high radiation events throughout the winter, increasing the loss of water by transpiration. For this purpose, we carried out a comparison of key water relation parameters (water potential, hydraulic conductivity and embolism rate) and microclimate measurements during one winter season. Based on these measurements and the climatic data of previous years, we analysed the possible connection between the microclimate conditions and the risk of xylem embolism during the winter of 2001-2002.
Materials and methods

Study site
The population of Scots pine selected for the study is located in the southern "Sistema Ibérico" range (40º 30′ N, 0º 36′ E, 1650 ma.s.l., Teruel, Spain). Mean annual precipitation recorded in the nearby meteorological station during the period 1997-2003 was 510±21 mm. This population is over degraded soils characterised by the presence of superficial calcareous substrates that are only 10-30 cm in depth. In this study, we distinguished two kinds of trees: (1) trees without any symptom of defoliation (thereafter, unaffected trees) and (2) trees with evident symptoms of defoliation in the S face of the crown (thereafter, affected trees; Fig. 1 ). Physiological measurements were carried out in 5-6-year-old branches located in the S face of the crown from 25 co-dominant affected and unaffected trees, randomly selected. In case of affected trees, we selected branches with a high degree of defoliation but still maintaining living needles evenly distributed along the branch.
Water potential
Water potential (-megapascals) was measured at midday on about 10-cm-long end segments of twigs from three southexposed branches per tree, collected from five affected and five unaffected trees of the studied Scots pine population. Measurements were carried out with a Scholander-type pressure chamber, following the methodological procedures described by Turner (1988) , twice a month from August 2005 until November 2006.
Temperature measurements
The nearby meteorological station was located at Villarroya de los Pinares (40º31′ N, 0º40′ W, 1337 Pinares (40º31′ N, 0º40′ W, ma.s.l., 1995 Pinares (40º31′ N, 0º40′ W, -2008 , which reported values of maximum and minimum daily temperatures. The straight line distance between this station and the study site (40º 30′ N, 0º 36′ E, 1650 ma.s.l.) was ca. 6 km, and the difference in altitude was 313 m. In order to use the data from this station to reconstruct the meteorological conditions in the study site during the previous years, we had to register the meteorological conditions in the study site and, subsequently, establish correlations with the data from the nearby meteorological station.
Temperatures in the study site were measured at 10-min intervals and stored by a data logger (CR1000, Campbell Scientific, USA) from June 2006 until June 2008. Needle and stem temperatures were taken with three type T thermocouples per tree, placed at southexposed branches of three trees from the studied Scots pine population. Thermocouples were covered with PVC and attached to the tree with adhesive aluminium tape in order to avoid the exposure to direct solar radiation. Air temperatures were taken with three thermocouples mounted on the top of each studied tree, located inside a solar shield. Moreover, soil temperatures were taken by placing three thermocouples per tree at soil depths of 10 and 20 cm, respectively.
To estimate the temperatures in the studied Scots pine population, linear regression models were used to correlate temperature data from the nearby meteorological station and those obtained with the data logger in the study site from November to March. The regression models obtained were:
where T max SS and T min SS are the maximum and minimum daily temperatures measured in the study site, and T max MS and T min MS are the maximum and minimum daily temperatures in the nearby meteorological station. Based on these correlations, we estimated air, needle and stem temperatures during winter 2001/2002 and the previous five winters (from 1996-1997 to 2000-2001) . Freezing-thawing events were estimated from stem temperature data. Freezing events were counted when the stem temperatures decreased from above 0°C to below −2°C
, while thawing events were counted when temperatures increased from lower than −2°C above 0°C (Mayr et al. 2006) . Moreover, we calculated the frequency distribution (percent) of daily maximum rates of increasing stem temperature (Kelvin per hour) rates in the days with freeze-thaw cycles.
Solar radiation and relative air humidity measurements
Relative humidity (RH, percent) and solar radiation (watts per square metre) were measured at 10-min intervals and stored by a data logger (CR1000, Campbell Scientific, USA) from June 2006 until June 2008. RH was taken using three RH probes (HMP45C, Campbell Scientific, USA) housed in MET21 radiation shields for optimum reading accuracy. Solar radiation was taken using three silicon pyranometers (CS300, Campbell Scientific, USA). Moreover, RH, air and needle temperature data were used to calculate the leaf-to-air water vapour pressure difference (LAVPD, kilopascals), assuming 100% RH within the needle (Anfodillo et al. 2002) . We measured the hydraulic conductivity of stem segments obtained from ten south-exposed branches (1.5-2 m long) from affected trees and ten south-exposed branches (1.5-2 m long) from unaffected trees of the studied Scots pine population. One branch per tree were collected at March (just after snow melting) and the different stem segments (5-6 years old, 3-7 cm long and up to 2.5 cm in diameter, four segments per branch) prepared as described in Mayr et al. (2002) . Measurements were made during 2007 in 5-6-year-old stem segments because we suspected embolism may have occurred during winter 2001/2002 (6 years before the measurements were carried out). Measurement pressure was set to 4 kilopascals. The flow rate was determined with a PC-connected balance (Sartorius BP221S, 0.1 mg precision, Sartorius AG, Göttingen, Germany) by recording weight every 10 s and fitting linear regressions over 200-s intervals. Conductivity measurements were done with distilled, filtered (0.22 μm), and degassed water containing 0.005% (v/v) "Micropur" (Katadyn Products, Wallisellen, Switzerland) to prevent microbial growth (Mayr et al. 2006) . Samples from unaffected trees were used to confirm that this Scots pine population followed the model which relates the sample diameter and the saturated hydraulic conductivity (after refilling) proposed by Cochard (1992) for this species. Percent loss of conductivity (PLC) was calculated following the methodology described in Mayr and Cochard (2003) . After removal of the bark and recutting under water, samples were sealed in silicone tubes connected to a reservoir filled with dye solution (phloxine B, Sigma Chemical, 2% (w/v)). After staining (4 kilopascals, 5-10 min), sample cross-sections were prepared, and PLC was calculated as the ratio between the area that was not dyed by phloxine B and the total area of the sample cross-section.
Statistical analysis
Differences in microclimate measurements between 2001/2002 and the period 1996/1997-2001/2002 were tested at 5% probability level with paired Student's t test. Differences in water potential and PLC between affected and unaffected trees were tested at 5% probability level with paired Student's t test after checking for normal distribution and variance of the data. Correlation analyses were carried out via Pearson's linear correlation coefficient r at 5% probability level.
Results
Microclimate measurements
The daily maximum air and stem temperatures (degrees Centigrade) during winter 2007/2008 at the studied Scots pine population are shown in Fig. 2a, b , respectively. Both temperatures experience a sharp increase since the end of January. It is necessary to emphasise that there is an episode from the end of January to the beginning of February that coincides with several consecutive days with high values of daily maximum solar radiation (Fig. 2c) and low values of daily minimum RH (Fig. 2d) . Figure 3 shows the seasonal courses of soil temperatures during the winter 2007/2008 at 10 and 20 cm depth, which are below 5°C from December to March. Figures 4a, b show, respectively, the leaf-to-air temperature difference (LATD, degrees Centigrade) and the LAVPD (kilopascals) during winter 2007/2008 in southexposed branches of the studied Scots pine population. These parameters show their maximum values at the end of the winter and the beginning of the spring, when soil temperature is still below 5°C (Fig. 3) . The maximum LAVPD value during this period (1.88 kilopascals) occurs at the end of January, which coincides with the period of several consecutive days with high rates of solar radiation and low values of RH (Fig. 2c, d) . Furthermore, Fig. 4c shows the frequency distribution (percent) of daily maximum rates of increasing stem temperature rates (Kelvin per hour) at days with freeze-thaw cycles.
The microclimate data measured during winter 2007/ 2008 have been used to reconstruct the meteorological conditions in the study site during the previous years, establishing correlations with the data from the nearby meteorological station (see section 2.3 for details). Estimated daily maximum temperatures of south-exposed Fig. 5a ), especially at the end of the winter (from February until April). Furthermore, the temperature showed a gradual increase from January until April during the previous 5 years, while there was a sharp temperature increase during the end of the winter and early spring of 2002 (Fig. 5a) . Furthermore, between February and March, four periods with remarkably higher LATD occurred in winter 2001/2002 when compared with the estimation for the previous 5 years (P<0.05, Fig. 5b ). Table 1 
Water potential, hydraulic conductivity, embolism rates and anatomical measurements
Leaf water potential (megapascals) is almost always lower in trees affected by defoliation than in non-affected ones (Fig. 6 ). The differences are particularly marked during November 2005 and April 2006.
The relationship between branch diameter and hydraulic conductivity (K h ) for unaffected and nonaffected trees is shown in Fig. 7 . K h of unaffected trees follows the model proposed by Cochard (1992) , whereas affected trees do not follow this pattern. The decrease found in K h in affected trees suggests the existence of a certain degree of embolism, which is confirmed by measuring the loss of conductivity in south-exposed branches (Fig. 8) .
Mean diameter of the tracheids is 12.5±0.1 μm in the early wood, and mean hydraulic diameter of the tracheids is 15.0±0.1 μm, with no visible difference between affected and non-affected trees (data not shown). 
Discussion
In this investigation, we analysed the possible connection between the microclimate conditions and the risk of xylem embolism during winter of [2001] [2002] . The high impairment of hydraulic conductivity found in the south-exposed branches of affected trees may agree with the symptoms described (needle browning followed by severe defoliation in the south face of the top). In principle, these symptoms could also be attributable to frost-induced damage (Lu et al. 2003) . However, Peguero-Pina et al. (2008) found that, in this population, the threshold value for frost damage in frost-hardened trees was ca. −26ºC, which is much lower than the absolute minimum temperature estimated for the study site (−17°C, 1995-2008 period) . In this way, Climent et al. (2009) also found that the lethal temperature for 50% injury in needles from other Scots pine population located in the Iberian Peninsula (40º 51′ N, 4º 00′ W, 1520 ma.s.l.) was lower than −17°C (ca. −21°C).
The loss of hydraulic conductivity found in the affected trees (Figs. 7 and 8 ) could be due to the low water potential values measured during winter (Fig. 6) . In fact, the values registered are close to the water potential corresponding to 50% loss of conductivity for Scots pine (Martínez-Vilalta and Piñol 2002) . Embolism might, vice versa, also have impaired the plant water status and lowered the water potential of affected trees. However, because of the impaired water supply due to low or subzero soil temperatures (Fig. 3) , we suggest that the effect of embolism in water supply could be much lower during winter than during summer.
Specifically, the water uptake in Scots pine is very limited when soil temperature is below +8°C (Mellander et al. 2004) , which occurs in this site during winter and early spring, both at 10-and 20-cm depth (Fig. 3) . Therefore, any water loss during this period is difficult to recover. For this reason, winter transpiration, which is mainly attributed to non-stomatal water losses, can be Freezing events were counted when the stem temperatures decreased from above 0°C to below −2°C, while thawing events were counted when temperatures increased from lower than −2°C above 0°C (Mayr et al. 2006 considered a crucial factor that can jeopardise tree survival (Hadley and Smith 1987) . In fact, winter LAVPD (kilopascals), which is the driving force for transpiration, is much higher (Fig. 4b) than that stated by Grace (1990) for a northern Scots pine population (0.2 kilopascals). In this way, high solar radiation rates, which are common in this site during winter and early spring (Fig. 2c) , increase air temperature (Fig. 2a) and LATD ( Fig. 4a) , leading to an increase in the LAVPD (Fig. 4b) . It should be noted that high solar radiation episodes are associated with positive values of the NAO index (Pozo-Vázquez et al. 2004 ), which were especially high during winter 2001/2002 in relation to the previous five winters (Hurrel and Deser 2009) . Thus, the combined effect of low soil temperatures (which limits water uptake by roots) and high radiation events throughout the winter (which increases the loss of water by transpiration) probably caused low water potentials during winter in the studied Scots pine population. We suggest that the studied Scots pine population is living under environmental conditions very similar to those found in the timberline ecotone (Hadley and Smith 1987) . Moreover, the relatively high number of freeze-thaw events that may have occurred during winter 2001/2002 (Table 1) may have reduced the resistance of this Scots pine population to xylem cavitation (Mayr et al. 2006) . In this way, Mayr et al. (2003a) showed that repeated freeze-thaw events caused embolism even in tracheids with smaller diameters than those found in the studied Scots pine population. Thus, according to the model of Pittermann and Sperry (2006) , tracheids of P. sylvestris should be more vulnerable to embolism induced by repeated freeze-thaw cycles than those studied by Mayr et al. (2003a) . The other factor that could have contributed to the induction of xylem embolism is the extraordinary rate in temperature change that characterises some of the recorded freeze-thaw events (Fig. 3) . Thus, high thawing rates may limit the rate that gas bubbles can dissolve in the surrounding fluid (Feild and Brodribb 2001) and result in the formation of embolisms. In this way, the rates of temperature increase (Kelvin per hour) at days with freeze-thaw cycles are very similar to those reported for Picea abies (Mayr et al. 2006) . Although freeze-thaw events can cause embolism by itself, we suggest that the occurrence of freeze-thaw events may have reduced the cavitation resistance of these Scots pine population. Thus, the existence of other factors such as low soil temperatures and high radiation events, which increased the loss of water by transpiration, could cause an additional decrease of water potential, which may induce embolism in a more vulnerable xylem. We have characterised in this study several stress factors during winter and possible impairments at this extreme site, and we have estimated and compared microclimatic data of winter 2001/2002 and the previous five winters (from 1996-1997 to 2000-2001) to analyse parameters critical for plant water relations. Based on the data of winter 2007, we therefore conclude that winter drought during 2001/2002 could have been critical for P. sylvestris. Although the embolism will not further impair winter water relations, it might influence the following vegetative period because summer drought in this site is noticeable up to the alpine zones.
